Surface studies of simple hydrocarbons on iridium by flash desorption by Burns, Robert Arthur
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1970
Surface studies of simple hydrocarbons on iridium
by flash desorption
Robert Arthur Burns
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Physical Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Burns, Robert Arthur, "Surface studies of simple hydrocarbons on iridium by flash desorption " (1970). Retrospective Theses and
Dissertations. 4291.
https://lib.dr.iastate.edu/rtd/4291
71-7252 
BURNS, Robert Arthur, 1944-
SURFACE STUDIES OF SIMPLE HYDROCARBONS ON 
IRIDIUM BY FLASH DESORPTION. 
Iowa State University, Ph.D., 1970 
Chemistry, physical 
University Microfilms, Inc.. Ann Arbor, Michigan 
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 
SURFACE STUDIES OF SIMPLE HYDROCARBONS 
ON IRIDIUM BY FLASH DESORPTION 
by 
Robert Arthur Bums 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Physical Chemistry 
In Charge of Major Work 
He^ d of Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1970 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
EXPERIMENTAL 4 
General 4 
Materials 5 
Procedure 5 
Calibration 7 
RESULTS 13 
Hydrogen 13 
Saturated Hydrocarbons 16 
Unsaturated Hydrocarbons 20 
DISCUSSION 24 
Hydrogen 24 
Saturated Hydrocarbons 27 
Unsaturated Hydrocarbons 32 
SUGGESTIONS FOR FUTURE RESEARCH 46 
FIGURES 47 
BIBLIOGRAPHY 80 
ACKNOWLEDGMENTS 84 
1 
INTRODUCTION 
The area of heterogeneous catalysis has proven to be fer­
tile ground for scientific research for the past half century. 
Despite the wealth of work published, there are still many 
riches to be uncovered. The explanation for the apparent 
paradox may be contained in the statement by Dowden (1): 
Despite our inability to describe with certain­
ty the details (on the atomic scale) of the mechanism 
of any heterogeneous process, or to calculate its ab­
solute rate, yet, as chemists we are undeterred -
this is after all a feature common to all of chemistry. 
There have been attempts at systematic studies of the 
interactions and reactions involving hydrocarbons and metals. 
Notably, Gambell (2) has surveyed reactions of , Cg, and 
hydrocarbons on tungsten by Field Emission, Field Ion Micros­
copy and Flash Filament Spectroscopy and Mann and his cowork­
ers (3-10) have published a series of papers covering the 
hydrogénation of propylene, methyl acetylene and aliéné over 
a number of Group VIII metal catalysts, while Burwell has been 
actively studying deuterium exchange reactions on metal sur­
faces (11-14). 
Bond (15), in his book, gives an excellent, comprehensive 
review of the area of heterogeneous catalysis, while Brennan 
(16) illustrates in some depth all the major kinds of problems 
by selecting a few classical systems for examination. The 
techniques used in heterogeneous catalysis have been briefly 
described by Trapnell and Hayward (17). There are many ex-
cellent review articles and reference should be made to Ad­
vances in Catalysis (Academic Press, New York and London)-
The massive amount of literature on the adsorption and 
heterogeneous hydrogénation of ethylene testifies to the com­
plexities of these reactions. One of the chief reasons for 
the proliferation of reaction schemes has been ignorance of 
the adsorbed state. 
Two specific cases will now be examined. The decomposi­
tion of ethylene on iridium has been studied in this labora­
tory by flash desorption (18) and field emission (19). The 
adsorption of ethylene on iridium has been proposed as; 
CHgCHg (I) 
CLH. (CL) + 4H (II) 
with reactions I and II occurring on different crystal faces. 
A further study (20) proposed adsorption only by reaction I 
and the hydrogen desorption spectra observed were explained 
by the decomposition of CH^ CH^  occurring at different rates 
on different crystal spacings. Obviously there is disagree­
ment as to the adsorbed state of ethylene, but the need for an 
understanding of the adsorbed species present is of the utmost 
importance for an understanding of hydrogénation. 
Ethane adsorption and decomposition on iridium has been 
investigated by field emission (19) and thin film studies (21, 
22). Arthur (19) has proposed that ethane decomposition pro­
ceeds through a diadsorbed ethylene intermediate to give hy­
drogen, while Roberts (21,22) has shown that admitting ethane 
to an iridium film at 300°K produces methane and hydrogen and 
that the hydrogen produced is readsorbed and further methane 
produced. 
The importance of the adsorbed state has been mentioned 
for ethylene hydrogénation, but obviously, if the hydrogéna­
tion of ethylene produces ethane, the adsorption and decom­
position of ethane is also important for a complete under­
standing of ethylene hydrogénation. 
The opportunities furnished by Flash Filament Spectros­
copy have been summarized by Ehrlich (23), while the experi­
mental details have been thoroughly described (24,25). By 
using a metal wire which can be thermally cleaned in ultra­
high vacuum, clean metal surfaces can be obtained. The sur­
face is dosed with a hydrocarbon, excess gas pumped away and a 
decomposition spectrum obtained by flashing the wire with a 
constant current and monitoring the products desorbed mass 
spectrometrically as functions of temperature. 
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EXPERIMENTAL 
General 
The set-up used in these experiments is represented by 
the photograph of Figure 1. Figure 2 contains a block diagram 
of the apparatus and Figure 3 shows the desorption cell. 
The desorption cell consisted of a 500 ml round bottom 
flask with four ports leading to the mass spectrometer, ion­
ization gauge, gas supply and ion pump. The top of the cell 
was fitted with a dewar used to control the temperature of 
the filament during dosing. Sealed through the bottom of the 
dewar were four 50 mil diameter tungsten rods to which were 
spot welded two 3 mil iridium sensing leads and a 20 cm seg­
ment of 5 mil iridium wire. The sensing leads were spot 
welded to the filament to tap the center segment (Figure 3). 
Since the present study involved the interaction of gases 
with metal surfaces, the system was constructed of borosili-
cate glass with metal portions kept to a minimum. The mass 
spectrometer, desorption cell, ionization gauge and ultra-high 
vacuum variable leak valves to the gas supply were mounted on 
a 1 inch marinite (asbestos compost) sheet. The gas reservoir 
was mounted beneath the marinite and was separated from the 
rotary pump and liquid nitrogen trap by a Granville-Phillips 
"G" valve. 
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Materials 
The iridium wire was obtained from Engelhard Industries 
and was specified 99.9% pure. A spectrographic analysis in­
dicated that the major impurities were: Pt 4,0.02%, Pd<0.05%, 
Rh<0.02% and Fe<0.01%. 
The acetylene (98%) and ethylene (99%) were obtainedX 
from Air Products and Chemicals, Inc. The ethane (99.89%), 
propane (99.97%), propylene (99.99%), cis-2-butene (99.91%), 
trans-2-butene (99.79%), 1,3 butadiene (99.89%) and 1-butene 
(99.87%) were Phillips Research grade from Phillips Petroleum 
Company. The methane (99%), methyl acetylene (96%) and aliéné 
(97%) were Matheson C.P. grade. The dimethyl acetylene (99%) 
was obtained from Chemical Samples Co. All gases were further 
purified prior to use by several cycles of freezing (liquid 
N2) and evacuation. 
Procedure 
The limiting factor in achieving ultra-high vacuum (UHV) 
is the reduction of the sources of residual gas (26). Water 
adsorbed on glass is the major contaminant in glass systems 
and can be removed by baking at 350°C (27). 
The first step in obtaining UHV is to detect and elimi­
nate leaks to the atmosphere. This problem was solved, for 
glass leaks, by pumping on the system with a rotary pump and 
locating the leaks with a tesla coil. Other leaks primarily 
occurred at metal flanges and the best cure was prevention by 
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making sure all flanges were tight. Once the system was free 
of atmospheric leaks the sorption pump (Ultek 50-135) was 
started by immersing it in liquid nitrogen and opening the 
valve to the system. The roughing procedure reduced the sys-
— ^ tem pressure to 10" torr at which time the valve to the 
•sorption pump was closed and the ion pump (Ultek 20 1/sec) 
was started. After a few hours, the pressure was in the range 
10"^  to 10~^  torr. The system was baked to bring it into the 
UHV range. Connections to the mass spectrometer were removed 
and the variable leak valves opened and bake-out clamps 
applied. The oven was placed over the system covering the 
portion of Figure 2 outlined by a dashed line. The system 
was baked at 350°C for a period of 24 hours with the ion pump 
in operation, after which the mass spectrometer was connected 
and operated at normal emission current and the ionization 
gauge and sample filament outgassed. The resulting pressure 
was typically 10"^  torr. The entire bake-out procedure was 
carried out again with frequent degassing of the ion gauge 
at which time the pressure was less than 3 x 10"^  ^torr. 
The sample gas was introduced into the evacuated manifold 
and frozen in a cold finger. Several cycles of freezing and 
evaporation to further purify the gas were carried out and 
finally the gas was admitted into the reservoir through a 
Granville-Phillips "G" valve. Hydrogen was introduced into a 
separate reservoir through a diffuser (G.E. Pd-Ag Permeation 
Membrane). 
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The cleaning of the iridium filament was accomplished by 
heating the wire with a current of 2.1 amps (^ 2300°K) in short 
flashes (2-3 seconds). Oxides of iridium decompose above 
1300°K and Arthur (19) has shown that heating above 2200°K is 
sufficient to clean iridium. The melting point of iridium is 
2727°K and its vapor pressure at 2300°K is 10"^  torr (28). 
The cleaning procedure deposited a.fresh film of iridium on 
the walls of the desorption cell. 
The sample gas was admitted to the cell at the desired 
pressure and the filament temperature during dosing was main­
tained at 295°K (water), 195°K (dry ice-acetone) or 95°K 
(liquid Ng). In this manner the filament was dosed for the 
desired period of time (30 seconds to 8 minutes) and finally 
the gas supply closed and excess gas in the cell pumped away. 
The flash was carried out by heating the filament with a con­
stant current (0.6 amps) and the gas products monitored mass 
spectrometrically. With all the hydrocarbons studied, the 
major decomposition product was hydrogen and the details of 
the hydrogen desorption were recorded on an x-y recorder. The 
y-axis displayed the change in ion current for mass two and 
the x-axis recorded either temperature or time. 
Calibration 
For the purpose of recording change in temperature of the 
filament during a flash, Tomesik (20) has given data for 
iridium filaments. The temperature vs. resistance calibration 
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covers the range 100 to 1200°K and below 700°K the data were 
well represented by: 
T = 296 35.5 (1) 
*(295) 
The reactions, for the hydrocarbons studied, were com­
plete by 700°K and equation 1 was sufficient for temperature 
calibration. The resistance at room temperature was found by 
*295 = Rg ^  
S 
where is the resistance standard, e^  the voltage drop 
across the filament with a given current and e^  the voltage 
drop across the standard resistor with the same current. 
The change in temperature with constant current is given 
by 
AT = AE (3) 
1*295 
and for a desired change in temperature of 100°K/inch 
(100°K/inch)(IR,Q.) 
AE/inch = 295 (4) 
Knowing the current (I) and ^ 295' x-axis of the recorder 
could be preselected to display a change in temperature of 
100°K/inch. The flash current was selected to give the best 
resolution between multiple peaks and by trial and error 0.6 
amp current gave the best heating rate. 
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In certain cases it was advantageous to compare the rela­
tive amounts of hydrogen desorbed during the flashes for dif­
ferent hydrocarbons. The rate of change of pressure during a 
flash depends upon the competition between the rate at which 
the gas is produced in the cell and the rate at which it is 
pumped away. The equation governing the change in pressure 
is 
(5) 
where L is the sum of all leaks into the cell, S the pumping 
speed of the gas out of the cell, V the volume (2,5 liters), 
2 A the area of the filament (geometrical 0.8 cm ), N the number 
2 
of molecules adsorbed per cm . At steady state prior to the 
flash (t = 0) dP/dt = 0, dN/dt = 0 and P = P^ . This implies 
that 
L=|p^. (6) 
Substituting this value of L into Equation 5, we obtain 
f = - |AP - c^ ) i C7) 
where AP = F - P . 
o 
Equation 7 can be integrated to give: 
- N = ÂEr J  ^
o 
For a linear variation in sample temperature with time (t = 
aT + T^ ) Equation 8 can be modified to give: 
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"o - » " A j; 
T 
T 
aAPdT + AP (9) 
o 
Equations 8 and 9 assume no reads orption by the filament and 
the final terra in Equations 8 and 9 can be neglected if the 
integration is carried out to the point whereAP is small or 
zero. 
Figure 4 shows the heating curve for the iridium filament 
used with initial temperature 95°K and current 0.6 amps; the 
flash from 95°K to 800°K required 11.5 sec. 
For adsorption by the filament in a flow system, Equation 
8 would hold with = 0 giving: 
and if adsorption is carried out to saturation, the last term 
in Equation 10 is zero. 
The pumping speed, S, for hydrogen was determined by 
closing the ground glass valve to the pump and admitting the 
gas into the cell until a steady state in pressure (ion cur­
rent for mass 2) was obtained. The valve was opened rapidly 
and the change in cell pressure recorded with time. Using 
Equation 5 and the facts dN/dt = 0 throughout the experiment 
and at t = t^ , dP/dt = 0 (implying L = SP^ /V), the relation 
(10) 
o 
(11) 
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was obtained with = P - P^ . Equation 11 was integrated 
giving: 
In^ - = - I X (t - to) (12) 
A plot of InAP/AP^  versus (t - t^ ) gives a straight line with 
slope -S/V, and for hydrogen S was found to be 5.5 liters 
per second. The plots were found to deviate from a straight 
line at the point where AP becomes large, probably due 
to desorption from the walls and filament at the lower cell 
pressure, since the deviation is in the direction of lower 
pumping speed. 
The determination of pressure of hydrogen from ion cur­
rent of mass 2 was found by monitoring mass 2 and ionization 
gauge pressure for several different pressures of the gas. 
Dushman (29) gives the relation 
p = (13) 
e 
where i^  is the emission current, i^  the positive ion current 
at the collector and S the sensitivity factor. The ionization 
gauge (Westinghouse WL-5966) used in these experiments was 
calibrated for nitrogen by the manufacturer and the ratio of 
sensitivity for to Ng has been given as 1/2.4 (29) for 
this type gauge. Therefore the pressure read from the ion 
gauge multiplied by 2.4 converted the nitrogen equivalent 
pressure to hydrogen pressure. The average value of the ratio 
12 
of hydrogen pressure to ion current mass 2 gave the conver­
sion factor K where 
_ 2.4 X Pressure (nitrogen equivalent) C14) 
ion current mass 2 
For any given mass 2 ion current the hydrogen pressure could 
be determined by multiplying by K without using the ionization 
gauge. Since the sensitivity of the electron multiplier in 
the mass spectrometer varied with use, the value of K was 
determined periodically. 
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RESULTS 
Hydrogen 
Since the major product in the decomposition of the 
hydrocarbons studied was hydrogen, the flash desorption spec­
trum for hydrogen adsorbed on iridium was obtained for satura­
tion doses at several temperatures (Figure 5). The dose at 
95°K shows two peak maxima in the rate of desorption of hydro­
gen from the metal surface with a difference of 140°K between 
the two peaks. The higher temperature peak (Pg, 400°K) re­
sults from a second order process, while the lower temperature 
peak (P^ , 260°K) arises also by a second order process but 
with the atomic hydrogen chemisorbed in sites of lower binding 
energy than the (24). 
The curves in Figure 5 were integrated and the total num-
2 ber of molecules per cm calculated using Equation 9. The 
values for a given dose temperature relative to the total num­
ber from a 95°K are summarized in Table 1. The total number 
of molecules per cm^  desorbed for the 300°K dose was smaller 
than the value given by Mimeault (24) by a factor of 3.7. 
There are a number of possible reasons for the discrepancy 
between Mimeault's and the present experiments and probably 
the main reason is the difference in the conditions used. 
Mimeault's experiments were carried out as follows: 
The system pressure was reduced to-3 x 10~^  ^torr and a 
flow of hydrogen was started until the pressure of hydrogen in 
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••8 the cell was 1 x 10" torr; this flow rate was then maintained 
for the duration of the experiment. The filament was flash 
cleaned in the ambient and cooled to 300°K again in the 
ambient. The dosing was continued at this temperature until 
the filament was saturated and at this point the filament was 
flashed and the hydrogen desorbed into the background of 1 x 
— 8  10" torr of hydrogen. The total amount of hydrogen desorbed 
over the background is proportional to the area under the de-
sorption curve. 
In the present experiments the filament was cleaned in a back­
ground pressure of -3 x 10~^  ^and after the filament cooled in 
this background the valve to the gas supply was opened and 
hydrogen dosed to saturation coverage, the valve to the gas 
supply was closed and the cell pumped for 3 min. At this 
point the background pressure was normally reduced to 1 x 10"^  
and the hydrogen flashed off into this background. 
Table 1 shows the quantity of hydrogen desorbed from an 
18 Langmuir dose at different temperatures and the hydrogen 
desorbed from a 273°K dose consists almost entirely of Pg 
hydrogen (Figure 5). From Table 1 the total hydrogen desorbed 
at 273°K is almost one-half of that desorbed from a 95°K dose, 
therefore a saturation dose of hydrogen on iridium at 95°K 
consists of approximately equal amounts of and hydrogen. 
IS 
Table 1. Quantity of hydrogen desorbed from an 18 Langmuir 
dose at different temperatures. Values are relative 
to that at 95°K 
T(°K) dose 
95 1 (1.4x10^  ^molecules/cm^ ) 
145 0.91 
195 0.75 
273 0.56 
295 0.44 
If at room temperature the adsorbed hydrogen is in equi­
librium with the gaseous hydrogen, the effect of reducing the 
pressure of hydrogen prior to the flash should be to remove 
adsorbed hydrogen. Mimeault has shown that for coverages less 
13 2 than 4 X 10 molecules per cm the desorption is second order 
— 2  2  
with a frequency factor of 2.2 x 10" cm per molecule per 
second and an activation energy of desorption of 24 kcal/mole. 
The activation energy decreases for coverages greater than 4 x 
13 2 10 molecules/cm , and follows AH = AH^  - 14 n cal/mole per 
12 2 10 molecules/cm . The effect of the decrease in activation 
energy on the rate of desorption is not known but it seems 
reasonable that the hydrogen would desorb more readily at 
higher coverages. An analysis of the hydrogen desorption 
spectrum for a low temperature dose (95°K) given by Mimeault 
shows the quantity of hydrogen desorbed to be 2 x 10^  ^mole-
16 
2 14 2 
cules per cm in comparison with 1.4 x 10 molecules per cm 
from the present studies, this difference being more in line 
with the expected experimental error. 
The ionization gauge used by Mimeault was different from 
that used in the present work and the difference between 2 x 
10^  ^and 1.4 X 10^  ^could easily be accounted for by this dif­
ference. It should be pointed out that in the present experi­
ments the absolute number has no bearing on the results, since 
only the relative values are of importance. 
Saturated Hydrocarbons 
Methane 
Methane was found to adsorb at 95°K and adsorption at 
295°K could not be detected. The hydrogen desorption spectrum 
is shown in Figure 6 for two different doses of methane with 
the total hydrogen desorbed for the larger dose of methane 
13 2 being 1,45 x 10 molecules/cm . The shape of the desorption 
spectra is similar to that for a hydrogen dose and therefore 
the rate limiting step in the desorption of hydrogen from a 
methane dose must be desorption of hydrogen from the surface. 
Figure 7 shows methane adsorption at 95^ K. The experi­
ment was conducted by heating the filament to above room tem­
perature while methane was admitted into the cell with the 
valve to the pump closed. Even with the ground glass valve 
closed, there is finite pumping through it. Once a steady 
state pressure in methane (constant mass 16 ion current) was 
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obtained, the filament was cooled to 95°K and the adsorption 
followed by monitoring the change in ion current for mass 16 
with time; the experiment ended when the pressure of methane 
returned to its initial value. 
The curve in Figure 7 was integrated and using Equation 
2 10 the total number of molecules per cm of methane adsorbed 
13 
was 0.62 X 10 . The pumping speed for methane through the 
ground glass valve was estimated by'VM.W. H^ / M.W. CH^ " times 
the pumping speed by hydrogen through the valve; the value 
used was 0.01 1/second. 
Each molecule of methane adsorbed should give two mole­
cules of hydrogen desorbed, and since hydrogen was the only 
13 2 decomposition product observed, 1.2 x 10 molecules/cm of 
hydrogen would be expected to desorb from a saturation dose 
of methane. This value is in agreement with the observed 
13 
value of 1.45 x 10 . (The agreement may be fortuitous in 
view of the errors involved in the pumping speed. The pumping 
speed for hydrogen through the ground glass valve was deter­
mined from the backside of a curve of the desorption of hydro­
gen from the filament into the cell with the ground glass 
valve closed. The decay of hydrogen through the valve is small 
and consequently the calculation is subject to error from 
pumping by the walls and filament). 
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Ethane and propane 
Experiments on the adsorption of ethane and propane were 
carried out at dry ice-acetone temperature (195°K) and 295°K 
and the hydrogen desorption spectra are shown in Figures 8, 9, 
10 and 11. 
Methane was also found to desorb with a peak maximum at 
260°K from both ethane and propane doses and the methane de­
sorption curve for a propane dose is shown in Figure 12. The 
methane desorbed from an ethane dose was slightly less in 
quantity but of the same shape as that for propane. 
The total amounts of hydrogen desorbed from ethane and 
propane doses relative to that for methane are given in Table 
2 .  
For a dose of propane at 295°K a peak at -550°K appears 
in the hydrogen desorption spectrum (Figure 11). The large 
peak with maximum at 400°K results from Pg hydrogen desorp­
tion from the surface while the hydrogen maximum at -550°K 
must arise by some process in which the desorption of hydrogen 
from the surface is no longer rate limiting. 
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Table 2. The quantity of hydrogen desorbed during decomposi 
tion of a saturated hydrocarbon. Values are rela­
tive to that for methane 
Hydrocarbon Dose T°(K) 
^^ 2 ^Hydrocarbon 
CH4 36 L. 95 1 (1.45x10^  ^molecules/cm^ ) 
CH3CH3 36 L. 195 3 
CH3CH2CH3 36 L. 195 4.7 
6^^ 12 2.4 L. 95 1.6 
Cyclohexane 
Cyclohexane was adsorbed at 95 and 295°K and the corre­
sponding hydrogen desorption spectra are shown in Figure 13; 
the doses used were less than saturation doses. There are 
peak maxima at 275, 400 and 550°K for a dose at 95°K while the 
room temperature dose shows a loss of the 275°K peak in the 
desorption spectrum. The hydrogen desorbing with maximum rate 
at 550°K must arise by a process different from those produc­
ing P-j^  and Ç>2 hydrogen, since above 400°K desorption of hydro­
gen from the surface is no longer rate limiting. 
Methane was not observed during the flash for a 95°K 
dose. 
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Unsaturated Hydrocarbons 
For all the unsaturated hydrocarbons studied, adsorption 
occurred more rapidly than with saturated hydrocarbons. 
The hydrogen desorption spectra for doses at 95 and 295°K 
are shown in Figure 14. These desorption curves are for sat­
uration doses and show two maxima in the hydrogen desorption, 
occurring at -550 and 700°K, the 550°K peak being broad. 
Since these maxima are above the Pg maximum for hydrogen, the 
rate limiting step in the desorption is not desorption of hy­
drogen from the surface. The total number of hydrogen mole­
cules per cm^  desorbed from a saturation dose at 95°K is 1.4 x 
10^ .^ A hydrogen desorption spectra for a light dose of 
acetylene at room temperature shows that the surface species 
giving rise to the 700°K peak is formed more rapidly than the 
species giving rise to the 550°K peak (Figure 15). Curve A 
of Figure 15 was obtained by dosing the filament with a small 
quantity of acetylene, flashing to 800°K, cooling to 95°K and 
dosing again; the final flash gave curve A. If the two peak 
maxima in the hydrogen spectra for acetylene occur from dif­
ferent surface species and one surface species is formed more 
rapidly than the other, then the carbon residue left should 
inhibit further adsorption of the more rapidly formed species. 
The result should be a. reversal in the magnitude of the peak 
maxima from a light dose case to a predosed-preflashed case; 
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this is what is observed in Figure 15. The result suggests 
that the two peak maxima in the hydrogen desorption from 
acetylene dosed on iridium arise from two different surface 
species. 
Figure 16 shows the hydrogen desorption spectra from 
acetylene adsorbed on a hydrogen predosed surface at 295°K. 
There is a shoulder occurring at 400°K from hydrogen and 
the broad band at 550°K has become sharper with maximum at 
500°K. 
A very small quantity of methane was observed with a 
maximum in the rate of desorption at 260°K during the flash 
decomposition of acetylene. 
Ethylene 
Ethylene was adsorbed at 95 and 295°K and the hydrogen 
desorption spectra are shown in Figure 17. For the 295°K dose 
there are peak maxima occurring at 400°K from hydrogen and 
at 500 and 700°K. The dose at 95°K shows a large quantity of 
Pg hydrogen and small amounts of the higher temperature maxima. 
The total amount of hydrogen desorbed from an ethylene dose 
at 95°K is given relative to that for acetylene in Table 3. 
A very small quantity of methane with peak maximum at 
260°K was observed during the flash decomposition of ethylene. 
22 
3^ Ç/, hydrocarbons 
The hydrogen desorption spectra for the and unsat­
urated hydrocarbons are given in Figures 18, 19, and 21-28 
and the total amounts of hydrogen desorbed are given in Table 
3. For all and hydrocarbons methane was observed during 
the flash decomposition; the total quantity of methane pro­
duced was approximately the same in each case with peak maxi­
mum at 260°K. The methane desorption spectra from a methyl 
acetylene dose at 95°K is represented in Figure 20. The total 
amount of methane desorbed is 10 times that observed for 
propane as shown in Figure 11 and about five times that ob­
served for acetylene and ethylene. 
The hydrogen desorption spectra, for all the unsaturated 
hydrocarbons studied, show consistently two maxima occurring 
above the hydrogen desorption maximum. Although the shape 
of these high temperature maxima changes slightly from hydro­
carbon to hydrocarbon, the maxima occur consistently at —550 
and 700°K. 
Benzene 
Benzene was dosed at 95°K and the hydrogen desorption 
spectra is represented in Figure 29. The spectra show a peak 
occurring at — 300°K due to Pg hydrogen and broad band from 
500 to 700°K. With a light dose of benzene there is no change 
in the shape of the broad band but only a reduction in magni­
tude. This lack of resolution of the band into separate peaks 
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suggests that the decomposition of only one species gives rise 
to the observed spectra. The total quantity of hydrogen de-
sorbed from benzene relative to that quantity for acetylene is 
given in Table 3. 
Experiments using hexa-deutero benzene gave desorption 
spectra identical to that in Figure 29. With a small predose 
of hydrogen, deuterated benzene dosed at 295°K gave desorption 
spectra showing HD present in the hydrogen peak but no 
or HD in the broad band at 500-700°K. 
Table 3. Quantity of hydrogen desorbed during decomposition 
of unsaturated hydrocarbons. Values are relative to 
that for acetylene 
Hydrocarbon 
Dose 
Dose Temp. 
(L) (°K) 
^^ 2 Wdro c arbon 
[Hg]  ^  ^
 ^Acetylene 
Acetylene H-C=C-H 48 95 1 (1.4x10^ ' 
cules/cm 
Ethylene H2C=CH2 12 95 1.8 
Propylene CHgCH^ CHg 18 95 2.5 
Methyl Acetylene CH^ CSCH 12 95 1.2 
Dimethyl Acetylene CHjC^ CCHg 12 95 1.3 
1,3 Butadiene CH2=CH-CH=CH2 10 95 1.3 
Trans-2-butene CH^ CH^ CHCHg 1. 5 95 0.67 
Cis-2-butene CH3CH=CHCH3 1. 5 95 0.65 
1-Butene CH^=CH-CH2CH^ 1. 5 95 0.59 
Aliéné CH2=C=CH2 1. 5 95 0.4 
Benzene 06*6 12 95 1.5 
24 
DISCUSSION 
Hydrogen 
The reaction 
H. (g) i=r 2H (15) 
^ * 
was proposed by Mimeault (24) to account for the adsorption of 
hydrogen on iridium. The desorption of hydrogen is a second 
order process and the observation of two maxima in the rate of 
desorption suggests two chemisorption states (p^ sPg) with dif­
ferent binding energies (P^ <P2)-
Arthur (19) has shown by field emission that at 77°K 
hydrogen dosed on an iridium tip gave an increase in work 
function for small doses, while heavy doses gave a decrease in 
work function. The heating of a heavily dosed tip gave an 
increase in work function up to 250°K, while heating above 
250°K gave a decrease. Thus hydrogen increases the work 
function while (3^  hydrogen lowers it. 
From their infrared spectroscopic studies of hydrogen 
and deuterium on platinum, Eischens and Pliskin (30) concluded 
that there are two distinct chemisorption states for hydrogen, 
both states being atomic. The authors propose that the two 
chemisorption states are associated with different topographic 
positions on the surface with the Pg state being represented 
by a partial submersion into the surface. The adsorption of 
hydrogen atoms below the surface (a partial submersion) would 
cause an increase in work function with the hydrogen atoms 
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constituting the positive part of the dipole (31). 
No quantitative theoretical treatment of chemisorption 
has been published and hence workers in the field of catalysis 
have relied on qualitative treatments, (kie such treatment has 
been presented by Bond (32,33) for the adsorption of hydrogen 
on platinum. His approach considers the five d orbitals of a 
metal atom in the bulk to be split into two groups by the 
octahedral environment of the face centered cubic metal. The 
2 2 2 dx -y and dz are collectively designated as e^  and the dxy, 
dyz and dxz are designated as ^ 2g' twelve near neighbors 
in the face centered cubic crystal are bonded to the central 
atom by t^ g orbitals which overlap to form a broad collective 
tgg band, while the six next nearest neighbors are bonded by e^  
orbitals. The assumptions are made that orbitals generated for 
the surface metal atoms are the same as those in the bulk and 
that the e and t^  bands are largely but not completely filled 
O 
so that both can participate in forming covalent bonds with an 
adsorbed species. 
26 
Table 4. Orientation of e and t„ orbitals emerging from 
ë 
iridium surface atoms on three low index faces (33) 
Plane g^ 
(100) 1 lobe emerges normal 
to the surface 
(110) 2 lobes emerge at 
45° to surface 
(111) 3 lobes emerge at 36° 
to surface 
4 lobes emerge at 45° to sur­
face directed towards posi­
tions to be occupied in next 
layer 
1 lobe emerges normal to the 
surface, 4 lobes emerge at 30° 
to surface directed toward 
sites in next layer 
3 lobes at 30° to surface 
For the (100) surface a hydrogen atom can be bonded by 
overlap of its spherical Is orbital with four t2g orbitals 
from surrounding metal atoms forming a five-center bond. This 
would be the position of an iridium atom in a continuation of 
the lattice and would be the most strongly binding site (Pg). 
The weakly bound hydrogen (p^ ) would bind to the surface by 
overlap of its spherical Is orbital with the e^  orbital emerg­
ing from a metal atom normal to the surface. Similar sites 
can be found on the other low index planes, however, no (3^  
sites (single orbital overlap) are found on the (111) face. 
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Saturated Hydrocarbons 
Methane, ethane and propane 
There is very Little direct evidence as to the mode of 
adsorption of paraffins on metal surfaces, but it is generally 
assumed the adsorption occurs by the breaking of a carbon-hy-
drogen bond and the forming of a carbon-metal bond (25,34,35). 
Eischens and Pliskin (36) from their infrared spectroscopy 
studies of ethane adsorption on supported nickel conclude that 
CH^ CHo is present and for the present purposes the following 
•k  ^ J 
modes of adsorption for the paraffins will be used: 
CH. 4= CHo + H (15) 
CH3CH3 » CH2CH3 +H (17) 
CHo-CH-CHo + H 
CHoCHoCH, 3 * 3 * (18) 
CH„CH„CH, + H (slow at 195 K) 
 ^z z o * 
Since the hydrogen desorption spectra for the decomposi­
tion of methane, ethane and propane adsorbed on iridium show 
only and 2^ hydrogen for low temperature doses, the decom­
position of the alkyl radicals in Equations 16, 17 and 18 must 
occur at rates equal to or greater than the rate of desorption 
of hydrogen from the surface. The decomposition of the methyl 
radical in Equation 16 has been discussed (25) for methane 
adsorbed on tungsten and follows: 
CH. + CH.-^ ^^ (C) + 3H (19) 
* J -k -k  ^ k * 
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For iridium the slow step in Equation 19 must proceed at a 
rate equal to or greater than the rate of desorption of hydro­
gen from the surface. 
Ethane decomposition proceeds in a manner analogous to 
that for methane: 
gHjCHj + 5HCH3-£2££, (g) + g + gHj (20) 
and the resulting methyl radical in Equation 20 would decompose 
as in Equation 19. 
Propane should show two modes of adsorption as indicated 
by Equation 18, since the breaking of the carbon-hydrogen bond 
at the secondary carbon requires 6 kcal/mole less than at the 
primary carbon (37). Attachment at the secondary carbon in 
adsorption might be expected to be favored at a low tempera­
ture, while a higher temperature dose should show both modes 
of adsorption. The hydrogen desorption maximum above the (3g 
hydrogen desorption temperature occurring for the propane 
dose at room temperature (Figure 11) could be accounted for 
on the basis of different adsorption modes for propane at room 
temperature. Decompositions of the two propyl radicals follow 
different paths given by: 
fCHj-Ç-CHg » (^ ) + (21) 
CH.CH.CHq »CHCH„CH„ »(C) + 2H + CH„-CH„ (22) 
*2 2 3 * 2 j * * * 2 * 2 
with the methyl radical in Equation 21 decomposing as in Equa­
tion 19' and the diadsorbed species in Equation 22 decomposing 
29 
with a rate slower than the rate of desorption of Pg hydro­
gen from the surface. Therefore the decomposition of CH„CH„ 
gives rise to the hydrogen observed at -550°K. 
Evaporated film studies by Roberts (21) have shown 
methane adsorbs on iridium films at 300°K with no decomposi­
tion observed. The present work shows methane adsorption on 
iridium at 95°K but no adsorption at 300°K. The difference 
between the two studies lies in the type of metal surface used. 
Evaporated metal films are known to be porous and absorption 
into the pores may explain the observation by Roberts. 
Reaction 16 is written as an equilibrium and on iridium 
the equilibrium lies in the direction of methane. The reac­
tion of the adsorbed methyl group with adsorbed hydrogen would 
be fast and is dependent upon the mobility of the adsorbed 
hydrogen atom. At 95°K hydrogen adsorbed on tungsten is known 
to be immobile (38) and this lack of mobility of adsorbed hy­
drogen is probably true also for iridium. This lack of mobil­
ity inhibits the reaction between the adsorbed methyl radical 
and adsorbed hydrogen to produce methane. 
The production of methane with maximum rate at 260°K 
during the decomposition of adsorbed ethane and propane 
occurs then by the reverse of reaction 16 with the adsorbed 
methyl radicals being produced as in Equations 20 and 21 with 
maximum rate at 260°K. Thus during the flash there is a com­
petition between the decomposition of and the reaction be­
tween gHg and g to form CH^ . 
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Wright, et (39) investigated the adsorption of meth­
ane and ethane on tungsten, nickel and iron evaporated metal 
films and found that the quantity of paraffin adsorbed was 
less than that of hydrogen. The authors attribute the low 
amounts of paraffin adsorption to a decrease in the heat of 
adsorption with coverage and this explanation could account 
for the similar observation in the present work. 
Roberts (21,22) has also investigated ethane adsorption 
on evaporated iridium films and found that at 300°K ethane 
adsorbs producing methane in the gas phase. Hydrogen is also 
formed initially but the hydrogen is readsorbed, presumably 
producing more methane. From the present work ethane was 
found to decompose on iridium with maximum rate at 260°K as 
observed by the production of methane with maximum rate at 
this temperature in agreement with Roberts' findings. 
A bonding scheme for the adsorbed alkyl radicals in Equa­
tions 16, 17, and 18 similar to that for hydrogen can be 
established. Methyl, ethyl and propyl radicals are bound in 
3 the 2^ sites where overlap of the carbon sp hybrid orbital 
with more than one metal orbital is possible. The sites 
are the most strongly binding and the (3^  sites could be used 
in transition states during the decomposition of the alkyl 
radicals. An example of this scheme in the decomposition of 
ethane is : 
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/CH3 •-™3 CH, /\ 3 
CH —, CH \ \ -, OK 
8-Î X
-
'
 
% 
•k * * * * * * * * * 
Pa Pi p2 P2 Pi P2 p2 P]_ P2 P2 P1P2 
(23) 
Cyclohexane 
Cyclohexane chemisorbs by breaking a carbon-hydrogen bond 
and forming a carbon-metal bond in a manner analogous to the 
other paraffins as follows: 
C6H12 — H + (24) 
From the hydrogen desorption spectra (Figure 13), the quantity 
of P hydrogen produced during the flash is approximately twice 
the amount of hydrogen observed in the 550° peak. Since only 
hydrogen and no methane was desorbed during the flash, the 
adsorption and decomposition of cyclohexane must produce no 
methane precursors such as adsorbed methyl radicals; a pos­
sible sequence is: 
Hg Hg Hg 
C^v Ç — c 
HoC CH„ „ I \ H 
J CH. 4CH_ + CH„-CH„ (25) 
H^ C * I Î^ H/ 2 * 2 * 2 * 2 
CH * * 
* 
Since the dose at 95°K shows and Pg hydrogen, the decomposi­
tion of C^ Htt must occur at a rate faster than the rate of de-
sorption of pg hydrogen from the surface. The decomposition 
of gHg formed is fast (Equation 19) compared with desorption 
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of hydrogen from the surface while the decomposition of 
is slower giving rise to the observed hydrogen desorp-
•k -k  ^
tion maximum at ~550°K. 
Unsaturated Hydrocarbons 
Acetylene and ethylene 
Acetylene and ethylene adsorb on iridium and have strik­
ing similarities in their decomposition spectra (Figures 14, 
17). The appearance of hydrogen peaks at 500-550 and 700°K in 
the decomposition spectra for both acetylene and ethylene 
suggests that similar surface complexes are decomposing to 
produce the observed spectra. Propane (295°K dose) and cyclo-
hexane (Figures 11, 13) show hydrogen desorption maximum at 
~550°K and the diadsorbed radical postulated in their decom­
positions (Equations 22, 25) might be the same species giving 
rise to the 500-550°K peak in the hydrogen desorption spectra 
for acetylene and ethylene. 
There have been numerous articles in the literature sup­
porting either dissociative or associative adsorption of eth­
ylene on metals (36,40-48). The adsorption of acetylene on 
supported nickel has been studied by Douglas and Rabinovitch 
(49) who found self-hydrogenation to ethylene, suggesting that 
acetylene dissociates hydrogen on adsorption. Further work by 
infrared spectroscopy suggested that acetylene does undergo 
initial adsorption by dissociation of hydrogen followed by 
self-hydrogenation to ethyl radicals (36). 
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Two modes of adsorption are proposed for acetylene and 
ethylene on iridium as follows: 
acetylene 
H-G=C-H » HC=CH (26) 
* * 
2H-C=C-H » 2(C) + CH„-CH„ (27) 
•* -k  ^ -ic  ^
ethylene 
CH2=CH2 » CHg-CHg (28) 
CHo=CH, • CH=CH + 2H (29) 
* * * 
The following decomposition reactions are proposed: 
500°K 
CH„-CH. > 2(C) + 2H<, (30) 
•k  ^ -k -k  ^
700°K 
CH=CH >2(C) + H, (31) 
* * -k  ^
The differences in the hydrogen spectra of ethylene and 
acetylene are the appearance of (3 hydrogen in the decomposi­
tion of ethylene (Figure 17 and Equation 29) and the difference 
in the hydrogen desorption peaks at 500-550°K. Ethylene de­
composition shows a sharp peak at 500°K while acetylene dis­
plays a broad band centered at ~550°K. The adsorbed complex 
giving rise to this peak or band is CH^ -CH« and the formation 
•k  ^ -k  ^
of this species is accompanied by formation of carbon residue 
(Equation 27) in the case of acetylene. The effect of this 
carbon residue is to broaden the hydrogen desorption peak re­
sulting from Equation 30 (see Figure 24). Acetylene dosed on 
a hydrogen predosed surface does not show the broad band at 
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550°K as in the hydrogen spectra for acetylene dosed on a 
clean surface, but instead shows the sharp peak at 500°K char­
acteristic of the ethylene decomposition spectra. Therefore 
the formation of CH^ -CH« from acetylene dosed on a hydrogen 
* 
predosed surface is not accompanied by carbon residue and 
follows: 
CH=CH + 2H » CH„-CH<, (32) 
Roberts (21,22) investigated the adsorption and decom­
position of ethylene on iridium films at 300®K and observed 
rapid self hydrogénation of ethylene to ethane. Methane for­
mation was also observed and was attributed to the decomposi­
tion of surface ethyl radicals or the decomposition of gaseous 
ethane. 
In the present work it was found that ethane did not 
decompose through an adsorbed ethylene intermediate, since the 
hydrogen desorption spectra for ethylene showed decomposition 
of the diadsorbed species to be rate limiting and the decom­
position spectra for ethane showed the decomposition of ad­
sorbed ethyl radical to occur at a lower temperature with the 
desorption of (3^  hydrogen from the surface being rate limiting. 
Therefore since the decomposition of ethane does not proceed 
through a diadsorbed ethylene intermediate, by the principle 
of microscopic reversibility, the hydrogénation of ethylene 
can not proceed through an adsorbed ethyl intermediate on 
iridium. 
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Ethylene hydrogénation, according to the Langmuir-
Hinshelwood mechanism, involves the following sequences (50): 
CH2-CH2 ^  H ^  CH2CH3 (33) 
OH2CH3 * H ^  %(g) C34) 
The present evidence does not support reaction 33 on iridium 
for ethylene hydrogénation and consequently ethane must be 
formed during ethylene hydrogénation by some other mechanism 
and the formation of methane must result from the subsequent 
catalytic decomposition of gaseous ethane thus formed. 
As an alternative to sequences 33 and 34 for the hydro­
génation of ethylene, a mechanism similar to the Gardner-
Hans en mechanism (51) is proposed as follows: 
(^g) T2-5 (35) 
®2-S«2 ^  °2H4(g) TT * %(g) 
and the GH^ -CH^  regenerated by 
•k  ^ -k  ^
CH=GH + 2H »CH„-CH, (37) 
* * * * ^  
Although the Gardner-Hansen mechanism is strictly applied to 
trans-diadsorbed ethylene, it is felt by this author that it 
could be extended to apply to any diadsorbed ethylene, cis or 
trans. 
It should be pointed out that in general hydrogénation 
and exchange experiments are carried out at high pressures 
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O 
(10~ to 1 torr) and the surfaces are covered almost instan­
taneously on gas admission. Consequently, the interpretation 
of the results of hydrogénation or exchange studies should be 
made with this fact in mind. 
Another point to be made is that there is evidence that 
sequences 33 and 34 are involved in the hydrogénation of 
ethylene on tungsten (50), but the present evidence suggests 
that on iridium ethylene hydrogénation does not occur by this 
path. This difference clearly points out that there are dif­
ferences in catalytic activity of different transition metals. 
Cg and unsaturated hydrocarbons 
Striking similarities in the hydrogen desorption spectra 
were observed for the and hydrocarbons, hydrogen peaks 
occurring at —550 and 700°K in all cases. The simplest in­
ference from these results is that the adsorbed species which 
give rise to these peaks are the same species observed for 
ethylene and acetylene. 
The rapid adsorption of ethylene and acetylene as opposed 
to the slow adsorption of ethane on iridium suggests that a 
carbon-carbon double or triple bond is more reactive in ad­
sorption than a saturated carbon. It would be expected that 
the adsorption of Cg or unsaturated hydrocarbons occurs at 
their points of unsaturation. The following adsorption and 
initial flash sequences for the and hydrocarbons are 
proposed: 
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propylene 
H 
 ^CH-CH-CHg —i-» CH. + CH^ -CH^  
-k  ^ -k  ^  ^
CH,CH=CH. (37) 
X CH=CH + CH„ + H 
* * * * 
methyl acetylene 
H 
CH,C=CH —* » CH. + CH=CH 
* * 
CHgC^ CH jj (38) 
 ^3(C) +2H + CH.CH-CH. CH« + CH,-CH_ 
* -k -k *  ^  ^ * 
dimethyl acetylene 
2H 
CH.C=CCHo —%2CH. + HC=CH 
 ^ J* *  ^ -k  ^ * k 
CHgC^ CCHg CHg ^ 3 3H (39) 
3^(C) + H + CHo + CH-CH —^  2CH.+CH.-CH, 
k k k k k k  ^ k  ^ k  ^
butene-1 
H 
CHo-CHCH«CH, * *CHg-CH_ + CH.CH, 
y^k ^ k ^ ^ k ^ k ^ k ^ ^ 
GH2=CH-CH2CH3 (40) 
C^H=CH + H + CH. CH. 
k k k k  ^
cis and trans butene-2 
2H 
CH,CH-CHCHo —i*2CH, + CH.-CH. 
k^ k  ^ k  ^ k k 
CH3CH=CHCH3' ( 41 ) 
2^CH„ + CH=CH 
k  ^ k k 
1,3 butadiene 
CH.=CH-CH=CH. »CH,-CH-CH=CH, » CH.-CH. + CH=CH (42) 
/ Z k  ^ k  ^ k k  ^ k k 
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aliéné 
/^ 2 3H 
+ CH^ -CHg 
•k  ^ -k  ^ -k 
CH2=C=CH2 H (43) 
* 
4CH- + CH=CH 
* -k •k  ^ * * 
The decompositions of the and hydrocarbons follow Equa­
tions 19, 20, 30 and 31 and the methane produced during the 
flash is implied by Equation 16. In all cases the desorption 
spectra for these hydrocarbons show the quantity of hydrogen 
CH^ -CHg and CH=CH present, while the amount of P hydrogen ob-
served depends upon the temperature of the dose and/or the 
hydrocarbon under consideration. Since adsorption of a hydro­
carbon at room temperature would be accompanied by some desorp­
tion of any hydrogen formed during dosing or initial decomposi­
tion, the amount of P hydrogen observed would obviously depend 
upon the dosing temperature and whether there is the possibil­
ity of formation of surface hydrogen. For example, 1,3 
butadiene is shown by reaction 42 to adsorb without the forma­
tion of surface hydrogen while cis or trans butene-2 would 
form surface hydrogen through the adsorbed methyl radical 
(Equation 41). The hydrogen desorption spectra for the two 
compounds agree with these predictions (see Figures 23 and 27). 
Burwell and Peri (52) have reviewed reactions between 
hydrocarbons and hydrogen on metallic catalysts and have dis­
desorbed at ~550°K to be about twice the quantity desorbed at 
700°K suggesting that there are approximately equal amounts of 
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cussed the formation of adsorbed hydrocarbon complexes. In 
general workers in the area of olefin heterogeneous hydrogéna­
tion propose the adsorption of the olefins (R^ C^ CRg) to occur 
by associative adsorption and the adsorption of acetylenes 
(RC=CR) also to occur by an associative mechanism. The possi­
bility of dissociative adsorption has been ignored because the 
hydrogénation products observed are those which would be pre­
dicted on the basis of a Langmuir-Hinshelwood type mechanism 
(see Reactions 33, 34). As pointed out earlier hydrogénation 
experiments are usually carried out at high pressures and the 
surface is covered almost instantaneously. A hydrogénation 
scheme proposed earlier for ethylene hydrogénation could be 
readily modified and applied to olefin hydrogénation as fol­
lows . PR 
\2 ,2 4H 
R,C=CR, »C-C ±4 4R + CHg-CHg (44) 
 ^  ^ * * -k -k  ^ -k  ^
CH.-CH„ + R.C=CR.,^ x »CH=CH + R^ CHCHR, (45) 
•k  ^ -k  ^ Z I^gV * *  ^  ^
with the CHg-CHg regenerated by Equation 36 and the surface 
•k  ^ -k  ^
hydrogen formed by either decomposition of R (e.g. CH, or 
•k k  ^
@3 
„) or addition of gaseous hydrogen. The result of this 
•k  ^
scheme is to predict that a surface predosed with ethylene 
would carry out the hydrogénation of a higher olefin in the 
same manner as the hydrogénation of the higher olefin without 
the predose of ethylene. R could be removed as RH (e.g. CH^ ) 
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or decompose to carbon residue, with the carbon residue re­
ducing the area of the surface active in hydrogénation. 
Benzene 
Benzene adsorbs rapidly on iridium and displays a unique 
hydrogen desorption spectrum with p hydrogen and a broad, un-
resolvable band from 500 to 700°K. Condon (53) has shown by 
Field Emission Microscopy that benzene chemisorbs on tungsten 
uniformly over all crystal faces. Flash filament studies by 
Cratty (54) have shown that benzene chemisorbs on tungsten 
according to the reaction: 
= 6 « 6 — ( 4 6 )  
and this mode of adsorption probably occurs on iridium also. 
The hydrogens on the chemisorbed benzene are not exchangeable 
and the decomposition of the benzene occurs at a slower rate 
than the desorption of hydrogen from the surface. The overall 
decomposition is written as : 
CeHs—.6(C) (47) 
A possible mechanism for the decomposition is : 
H H H 
+ H —»2(C) + 2CH=CH (48) 
CH ,CH C=C * * * * 
Nc^ * * 
•k 
with the decomposition of CH=CH implied by reaction 31. Un-
* * 
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doubtedly, the extra stability of the conjugated ring will 
have an effect on the decomposition reaction and the re­
sulting hydrogen desorption spectra. 
Since there is only one point of attachment for paraffins, 
the proximity of binding sites on the surface presents no 
difficulty. With two points of attachment, the factor of 
strain becomes important for unsaturated hydrocarbons and 
hence particular spacings of sites on the surface are required. 
As proposed earlier, the strongest binding sites on the 
surface are located in the position that a metal atom would 
occupy in the next layer above the surface. In this position 
an orbital of the adsorbed species overlaps with orbitale from 
more than one metal atom. Since the distance between these 
sites is the same as between adjacent surface metal atoms, 
a geometrical argument can be used to show that the spacings 
of sites on the surface can indeed accommodate diadsorbed 
radicals. 
Figure 30 represents the geometrical arrangement for an 
adsorbed hydrocarbon. The spacing of metal atoms (or sites) 
required for a diadsorbed radical can be calculated by: 
Vm =  ^
with distances d^ _^  = 1.54%, d^ _^  = 1.35% and d^ _^  = 2.04% 
(from the sum of covalent radii). For diadsorbed acetylene 
(CH=CH) y = 120° and d calculated was 3.39%. The spacings 
* * 
and geometry of the three low index planes of iridium are given 
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in Figure 31. The (100) and (110) planes contain a spacing of 
3.58&. This value was substituted into Equation 49 and % 
calculated as 123°. The other metal-metal spacings of 2.53 
and 4.39& give ^  as 106° and 139° respectively. The 3.58% 
spacings on the (100) and (110) crystal faces can accommodate 
CH=CH with a minimum of strain while the (111) plane has no 
* * 
metal-metal spacings capable of bonding the diadsorbed species 
without substantial strain. 
Diadsorbed ethylene (CH^ -CH<,), because of free rotation 
* ^  ^ 
about the carbon-carbon bond, can adsorb on metal-metal spac­
ings ranging from 2.87& (metal atoms adjacent) to 4.8& (metal 
atoms trans). The 2.53& spacing common to the three low index 
planes of iridium would require a slight distortion of the 
bond angle in adsorbed ethylene from 109° to 104°. 
The simple geometrical model alone suggests that ethylene 
could easily be associatively adsorbed across the 3.58% spac­
ings on iridium, whereas the flash decomposition results are 
best explained if the ethylene dissociates to chemisorbed 
acetylene and hydrogen on adsorption. Such dissociative 
chemisorption could result if there were a special stabiliza­
tion of chemisorbed acetylene on these spacings, and indeed 
there is an additional metal atom so located that its orbital 
directed normal to the surface can overlap strongly with the 
acetylene ir-orbital as follows : 
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Xx 
Xf 
x» 
Acetylene adsorbed on the (100) face of iridium with 
additional stabilization of diadsorbed acetylene from 
overlap of its it bond with the e metal orbital emerg­
ing normal to the surface. ® 
The model used is subject to valid criticism in regard to 
the values used for bond lengths; however, this model is used 
for the purpose not only of showing a possible bonding scheme 
for diadsorbed species but also to perhaps stimulate interest 
among theoretical chemists to examine the problem of bonding 
to metal surfaces. 
Low Energy Electron Diffraction (L.E.E.D.) work has shown 
a (2x2) diffraction pattern for ethylene adsorbed on a (111) 
platinum single crystal (48,55). Morgan and Somorjai (55) also 
studied acetylene, propylene, 1,3 butadiene and the isomeric 
butenes on a platinum (111) crystal face by L.E.E.D. and all 
but isobutylene displayed a (2x2) structure. The authors 
propose TT adsorption for ethylene on the (111) face with a 
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(2x1) unit mesh. Since 60° rotated domains of a (2x1) struc­
ture are equally probable, the L.E.E.D. pattern indicates a 
(2x2) structure. 
Smith and Merrill (48) combined helium scattering with 
L.E.E.D. and concluded that their (2x2) diffraction pattern 
is due to dissociatively adsorbed ethylene (CH=CH + 2H). The 
* * * 
authors base their agrument on calculated scattering cross 
sectional areas. In view of the errors involved in calcula-
ing areas of adsorbed molecules, the difference in scattering 
cross sectional areas between associatively adsorbed ethylene 
(CHg-CH«) and dissociatively adsorbed ethylene (CH=CH + 2H) 
•k^ -k * * * 
may not be sufficient to distinguish between the two cases. 
The model proposed in the present work is then a (2x2) 
structure of associatively adsorbed ethylene on the (111) 
face of iridium and a mixture of associatively and dissoci­
atively adsorbed ethylene on the (100) and (110) planes. Acet­
ylene adsorbs on the (100) and (110) planes of iridium giving 
a mixture of CH«-CH«, CH=CH and (C) while on the (111) face 
•k k  ^ -k -k * 
only CHg-CH^  and (C) occurs. An arrangement similar to that 
k  ^ -k  ^ k 
for acetylene and ethylene would follow for the adsorption of 
the Cg and unsaturated hydrocarbons. 
There are a number of points in the area of heterogeneous 
catalysis which have not been considered in the present work 
and about which very little is known. Firstly, there is a 
general difference in catalytic activity among transition 
metals and the underlying reason for the differences are not 
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clearly understood. In some instances correlations between 
catalytic activity and the percentage d character of the metal 
have been made while others make correlations between activity 
and geometrical factors. Indeed geometrical factors depend on 
percentage d character and hence the two can not be separated. 
I have ignored the effect crowding of adsorbed species on 
the surface might have on decomposition and hydrogénation. 
Results of exchange experiments between paraffins and deuterium 
have not been considered in relation to the present work. 
Bond (15) covers the subject adequately and summarizes the 
work done by: 
... multiple exchange is most extensive and most ef­
ficient on the noble metals of Group VIII (Rh, Pd, Ir 
and Pt). ...Metals in Groups IVB, VB and VIE have 
little tendency to show multiple exchange, and this 
may be at least partly ascribed to their not possess­
ing the face-centered cubic structure. 
The heats of adsorption of paraffins on Group VIII metals 
are known to be smaller than on other metals and consequently 
multiple exchange probably results from rapid equilibrium be­
tween adsorbed alkyl and the gaseous alkane. 
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SUGGESTIONS FOR FUTURE RESEARCH 
The absence of adequate quantum mechanical theories of 
chemisorption constitutes a fundamental handicap to our at­
tempts to understand chemisorption and heterogeneous catalysis. 
Efforts in theoretical surface chemistry would be warmly wel­
comed by many researchers. 
The geometrical model for diadsorbed hydrocarbons on 
metal surfaces leads to the prediction of CH„-CH<, as the only 
•k  ^ -k  ^
species formed by ethylene adsorption on the (111) face of a 
face centered cubic metal. L.E.E.D. has shown ethylene ad­
sorption does give an ordered structure on Pt (111); but the 
interpretation of what adsorbed species gives rise to the ob­
served diffraction pattern is in doubt. Recently, flash de-
sorption from single crystal surfaces has been established in 
a study of the structures and kinetics of adsorption of hydro­
gen on a (100) oriented tungsten single crystal (56). A 
study of ethylene adsorption and decomposition on the (111) 
plane of iridium should be amenable to flash desorption and 
the results should be highly significant. 
Studies of hydrocarbons on metal surfaces have primarily 
concerned body centered and face centered cubic metals and 
work on hexagonal close packed metals has been lacking. A 
study of hydrocarbon adsorption on rhenium should add to our 
understanding of the effect of metallic structure in catalysis. 
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FIGURES 
Figure 1. Flash filament spectrometer and associated 
electronics 
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Figure 2. A schematic diagram of the Flash Filament Spectrometer 
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Figure 10. Desorption of hydrogen from propane doses at 195°K 
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Figure 13. Desorption of hydrogen from cyclohexane doses at 95 and 295°K 
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Figure 14. Desorption of hydrogen from acetylene doses at 95 and 295°K 
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Figure 15. Desorption of hydrogen from acetylene doses at 95 and 300°K. Curve A, 
acetylene adsorptign on a residue remaining from a flash of a light dose 
of acetylene at 95 K. Curve B, small dose of acetylene on a clean sur­
face at 300 K, pressure is multiplied by 1/2 
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Figure 16. Desorption of hydrogen from an acetylene dose on hydrogen predosed 
, iridium at 295°K 
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Figure 17. Desorption of hydrogen from ethylene doses at 95 and 295®K 
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Figure 18. Desorption of hydrogen from propylene doses at 95 and 300 K 
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Figure 19. Desorption of hydrogen from methyl acetylene doses at 95 and 300 
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Figure 20. Desorption of methane from a methyl acetylene dose at 95°K 
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Figure 21. Desorption of hydrogen from a dimethyl acetylene dose at 95°K; sharp peak 
at 150 K results from hydrogen from the cracking pattern of dimethyl 
acetylene physically adsorbed 
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Figure 22. Desorption of hydrogen from a dimethyl acetylene dose at 295°K 
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Figure 23. Desorption of hydrogen from 1,3 Butadiene doses at 95 and 295°K 
Q: 
Q; 
g 
s 
o 
a. 
<3 
1.80 
144 
1.08 
0.72 
0.36 
I, 3 BUTADIENE ON Ir 295°K 
SUCCESSIVE DOSES 
WITHOUT CLEANING 
± 
•vi 
to 
100 200 300 400 600 700 800 900 
Figure 24. 
500 
T(°K) 
Desorption of hydrogen from 1,3 butadiene doses at 295°K. Curve A, ad­
sorption on clean surface. Curve B, adsorption on residue left from 
flash giving curve A. Curves C, D and E, adsorption on residue left from 
flash giving previous curve 
0: tr 
o 
00 
o 
CL 
BUTENE - 1 ON Ir 
A 95° K DOSE 
B 295°K DOSE 
C 295° K LIGHT DOSE 
100 200 300 400 500 600 700 800 900 
T(°K) 
Vj 
W 
Figure 25. Desorption of hydrogen from butene-1 doses at 95 and 295 K 
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Figure 26. Desorption of hydrogen from trans butene-2 doses at 95 and 295° 
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Figure 27. Desorption of hydrogen from cis butene-2 doses at 95 and 295°K 
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Figure 28. Desorption of hydrogen from aliéné doses at 95 and 295 K 
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Figure 29. Desorption of hydrogen from benzene doses at 95°K 
78 
Figure 30. The geometrical model for hydrocarbon adsorption. 
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Figure 31. Spacings and geometry for the three low index planes of iridium, a fee 
metal. The numbers below each plane are the metal-metal distances avail­
able on that plane 
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